To study changes In the contents of plasma llpoprotelns In human arteries with age and the relationship of llpoprotelns with other arterial constituents, we analyzed the contents of apolipoproteins B (apo B) and A-l (apo A-l), free and esterifled cholesterol, and glycosaminoglycans (GAG) In lesion-free aortic Intlmas of 30 children and adults. The content of apo B Increased significantly with age, whereas that of apo A-l remained relatively constant. Apo B and apo A-l had significant positive correlations with the content of chondroltln sulphates A+C (CS A+C), which comprised 35% to 47% of the aortic GAG. The correlations remained significant after correction for the effect of age. Aortic apo B, but not apo A-l, also showed significant positive correlations with the contents of Intimal free and esterified cholesterol. The results Indicate that: 1) considerable amounts of apo B and apo A-) can be found in lesion-free aortic Intlmas; 2) there Is an age-related rise In the content of apo B and a fall In the ratio of apo A-l to apo B, which are unfavorable developments In the light of current views on atherogenesls; 3) the contents of the apolipoproteins are proportional to that of CS A+C, which might have a role In the retention of llpoprotelns In the arteries.
A therogenesis is a slow process beginning early in life: fatty streaks appear in human aortas during the first, and fibrous plaques, during the second decade of life. 1 The most conspicuous features of atherosclerosis are the proliferation of arterial smooth muscle cells and the accumulation of lipoproteins, extra-and intracellular lipids, and connective tissue. 2 Although the sequence of the pathogenic events is obscure, several studies indicate the importance of the accumulation of low density lipoproteins (LDL) in the arterial wall as one of the initial changes. 3 ' 4 Several authors 3 " 12 have studied the amount of lipoproteins in adult arteries, but only scattered data 34 are available on the concentration of apolipoproteins in the aortas of children and adolescents.
In order to reach arterial cells, lipoproteins and other plasma constituents must diffuse through a subendothelial extracellular matrix composed mainly of collagen, elastin, and glycosaminoglycans (GAG). It is possible that the ma-trix components affect the passage and metabolism of lipoproteins. GAG can retain LDL in the arterial wall by means of either molecular sieving or complex formation. 13 Indeed, GAG-LDL complexes have been identified in atherosclerotic arteries 14 and there is a close topographic relationship between arterial GAG and immunoreactive apo B in human and swine arteries. 1516 There is also a positive correlation between the contents of GAG and LDL-derived cholesteryl esters in the coronary artery intima-medias of children. 17 As far as the authors know, no data are available on the relationship between the contents of apolipoproteins and different GAG in human arteries. The purpose of the present study was: 1) to analyze the changes that occur with age in apo B and apo A-l levels in normal human aortas and 2) to study the possible relationship of GAG and other nonlipid components to the accumulation of aortic apo B and apo A-l during the first decades of life.
Methods

Collection of Specimens
Aortic samples were obtained from successive medicolegal autopsies as described previously. 17 Additional cases were collected in the medicolegal unit of the University of Tampere. All cases were males. The age range was from 1.5 to 39 years and the mean postmortem time was 3.0 days (Table 1) . At the autopsy, aortas were removed unopened and stored in tightly sealed plastic bags at -70°C until analyzed. 333 334 ARTERIOSCLEROSIS VOL 7, No 4, JULY/AUGUST 1987 The values shown are means ± SD. 'Percentage of the surface area covered by macroscopic atherosclerotic lesions in unstained abdominal aortas distal to the renal arteries before the lesion-free areas were dissected for the biochemical analyses.
A total of 37 aortas were collected. After the exclusion of three specimens because of transport delays and four cases because of too low a dissection plane (see below), the number of analyzed cases was 30. Deaths were due to traffic accidents or other severe mechanical trauma (n = 18), drowning (n = 5), homicide or suicide (n = 5), and ethanol intoxication (n = 2).
Dissection of Aortas
Abdominal aortas distal to the origin of the renal arteries were used for the analyses because this segment usually shows an early intimal thickening. 18 The vessels were opened, washed with cold saline, and evaluated for the extent of macroscopic atherosclerotic lesions ( Table 1) . All aortas were dissected by the same person at 4° C; all were free of any macroscopic signs of autolysis. Samples representing areas free of macroscopic lesions were isolated and the lesion-containing areas were rejected. The samples were divided into two equal portions along the longitudinal axis of the vessel and their surface area was measured with a special grid. 1920 The intima was removed under a dissecting microscope, as described by Smith et al. 21 and was weighed for tissue wet weight. Internal elastic lamina was used as the dissection plane, but if it was not present, the first intact medial elastic lamina was followed since this is easier to detect than other natural dissection planes in the intima. 22 Histologic controls of the dissection plane were stained with hematoxylin/eosin and Verhoeff/ Van Gieson stains. In children younger than 12 years, four cases were excluded because of too low a dissection plane.
The histology of the aortas was controlled by taking a standardized tissue sample from a macroscopically normal area of the ventral wall between superior and inferior mesenteric arteries before the lesion-free areas were dissected for the biochemical analyses. According to these samples, nearly all adult aortas showed at least some degree of intimal thickening. No aortas were rejected on the basis of the histology.
Apollpoproteln Analyses
Intimal samples from one-half of each aorta were cut into small pieces with a tissue chopper (Mickle Laboratory Engineering Company, England). Buffer-soluble lipoproteins were extracted overnight at 4° C with gentle agitation in 0.13 M Tris-HCI (pH 7.4) containing 0.1% EDTA. 11 The extract was collected by centrifugation (5000 g, 4° C, 15 minutes); the pellet was washed twice with the buffer and was analyzed for residual lipids and nonlipid components (i.e., lipids and nonlipid components that remained in the tissue after the extraction of buffer-soluble lipoproteins; see below). Apo B and apo A-l in the combined supernatants were quantified in duplicate using radial immunodiffusion 23 in 1% agarose gel containing antibodies against human plasma LDL and purified human apo A-l. 24 The antibodies were produced in New Zealand white rabbits. For the preparation of antisera, 24 LDL (d = 1.040 to 1.053 g/ml) and high d-"".ity lipoprotein (HDL) (d = 1.063 to 1.21 g/ml) were isolf from healthy human donors. HDL was delipidated witr ol/ether (3:2). 2S Apo A-l was isolated by gel filtration ., ^aphadex G-200, followed by DEAEcellulose chromatography. 26 No attempt was made to quantify any buffer-insoluble apolipoproteins in the samples, since the tissues extracted were used for lipid, GAG, and other chemical analyses. No buffer-insoluble apo A-l is known to be present in normal aortic intimas, 27 and the proportion of buffer-insoluble apo B in normal arteries is only about 5% to 15% of the total intimal apo B. 4 
' a
In the present study, the aortas were stored at -70° C before the analyses. The effect of freezing on the recovery of the apolipoproteins was assessed by dividing macroscopically normal intimas of two fresh aortas (mean age 28 years) into four equal portions. Two portions of both aortas were frozen to -70° C, were thawed and analyzed for the apolipoproteins together with the unfrozen samples. The amounts of apo B and apo A-l recovered from the frozen samples were 89% and 93%, respectively, of the control values.
Since the length of postmortem time may affect the results, an experiment was designed to assess its effect on the apolipoproteins. Fresh aortic samples obtained from brain-dead donors of renal transplants were used (n = 4, mean age 24 years). The aortas were removed after the operation and washed three times with sterile saline. Areas with macroscopic atherosclerotic lesions and a longitudinal segment containing the ostia of the branching arteries were removed. Lesion-free areas were cut into pieces (1 cm 2 ) and divided between three equally large groups, all of them containing the same number of pieces from the same level of the aorta. The pieces were kept for 3 hours at 20° C in tightly sealed plastic bags to mimic postmortem temperature changes. One group (control samples) was then stored at -7 0° C. The other groups were stored at 4° C for 3 and 7 days, respectively, before storage at -70° C. The samples were then analyzed for apo B and apo A-l as described above.
The effect of postmortem time on the other variables analyzed has been studied previously. 29 As judged by the concentration of intimal lysolecithin, the rise of which is reportedly an indicator of postmortem autolysis, 29 no significant autolysis was present in the analyzed samples.
Chemical Analyses
After the extraction of apolipoproteins from samples representing one-half of the aortas, chemical analyses were 335 carried out simultaneously from both halves of the aortas. The methods have been described in detail elsewhere. 29 Briefly, lipids were extracted according to the method of Folch et al. 30 and were fractionated with thin-layer chromatography into major lipid classes. 29 The delipidated tissue was dried in vacuum to obtain tissue dry defatted weight (dt). Free (FC) and esterified cholesterol (EC) were quantified with gas chromatography. 29 DNA, total protein, and collagen were measured according to modifications 29 of the methods of Burton, 31 Lowry et al., 32 and Juva and Prockop, 33 respectively. Tissue GAG were liberated with papain and purified with cetylpyridinium chloride and ethanol precipitations. 29 The GAG were fractionated with electrophoresis into hyaluronic acid (HA), heparan sulphate (HS), dermatan sulphate (DS) and chondroitin sulphates A and C (CS A + C), 34 and were quantified according to a slight modification 29 of the method of Hata and Nakai. 35 For individual samples, the dt and surface areas varied from 5.7 to 59.8 mg and from 146 to 825 mm 2 , respectively. The precision of the analyses has been reported. 24 ' M The coefficients of variation for the analyses were as follows: FC and EC, below 2%; apo B and apo A-l, below 5%; DNA, 5.9%; collagen, 6.1%; total protein, 7.2%; sulphated GAG, 10%; and HA, 13%.
Calculation of Results and Statistical Analyses
The results were calculated both per unit of dt (concentration) and per unit of vessel surface area (content). The content gives an estimate of the absolute amount of a substance in an anatomically defined section of the arterial wall, while the concentration gives a percentage value of the substance of the total dt. 36 ' 37 Because the extraction of lipoproteins was apparently accompanied by breakdown and extraction of some proteoglycans, the amount of total GAG was systematically lower in the aortic samples from which lipoproteins had been extracted. Such differences were not present in the amounts of DNA, collagen, or total protein. Only the results of unextracted samples are presented for all these compounds.
The linear correlations were calculated from individual observations. For presentational purposes, age groups were formed at 10-year intervals, and the individual groups were used for calculation of means and SE or SD. Lesion-free areas of four fresh human aortas were each divided into three equal groups. All samples were kept for 3 hours at 20° C; then controls (0 days) were frozen to -70° C while the other groups were stored in sterile conditions at 4° C for 3 or 7 days before transferring to -70° C. After thawing, intimas were extracted for buffer-soluble lipoproteins which were quantified using radial Immunodiffusion. Each point represents the mean of duplicate determinations, d.t. = dry defatted tissue.
Results
In an experiment designed to mimic postmortem conditions preceding the analysis of aortic apolipoproteins, no significant changes were found in the concentrations of buffer-soluble apo B and apo A-l during 7 postmortem days (Figure 1) . The results were similar when they were expressed per unit of vessel surface area (data not shown). In histologic controls for the dissection plane, the adult samples contained the whole intima and less than 10% of the media, whereas in children, 10% to 15% of the media was included in the samples; thus, in young children 40% to 55% of the analyzed tissue was media.
In the lesion-free samples of human aortic intimas, the concentration and the content of buffer-soluble apo B increased significantly with age (r= 0.677, p < 0.001; r= 0.710, p<0.001, respectively), while apo A-l only showed a slight change in the oldest age group (Figures  2A and 2B ). Accordingly, there was a decrease in aortic apo A-l to apo B ratio with age ( r = -0.496, p<0.01) ( Figure 2C ). Medial tissues were not systematically analyzed for apolipoproteins. However, in three children (mean age 5.3 ± 1.9 years) the amounts of both apolipoproteins were below the detection levels (data not shown).
The concentrations and the contents of FC and EC increased with age both in unextracted samples and in those Concentration is expressed in /*g/100 mg dry defatted tissue; content is expressed in nqlcm* vessel surface area (mean ± SD). A portion of aorta was cut longitudinally into two halves; one was extracted with buffer to solubilize lipoproteins, and the other was subjected directly to the chemical analyses. The results are from unextracted areas of aortas. Concentration is expressed in mg/100 mg dry defatted tissue except for DNA, which is in /ig/100 mg dry defatted tissue. Content is expressed in mg/cm 2 vessel surface area except for DNA, which is in fig/cm 1 (mean ± SD). from which lipoproteins had been extracted (Table 2) . When the values from the extracted and unextracted samples are compared, it appears that the proportion of extractable EC decreased with age from more than one-half in the youngest age groups to less than one-fifth in the oldest group. On the other hand, very little of the FC was extractable even in the youngest age groups ( Table 2) . Both the concentration and the content of buffer-soluble apo B correlated positively with those of FC and EC in both extracted and unextracted areas ( Table 3 ). Apo A-l did not show such associations. DNA had a decreasing trend with age, while total protein and collagen tended to increase ( Table 4 ). The contents of apo B and apo A-l correlated positively with the content of total protein, but not with that of collagen (Table 3) .
Table 3. Correlations of Concentrations and Contents of Buffer-Soluble Apo B and Apo A-l with Those of Free and Esterified Cholesterol, DNA, Collagen, and Total Protein in Lesion-Free Aortic Intlmas
Table 5. Correlations of Concentrations and Contents of Apo B and Apo A-l with Those of GAG In Lesion-Free Samples of Human Aortic Intlmas
Four GAG fractions were identified in the lesion-free aortic intimas (Figure 3 ). Both the concentration and the content of the CS A + C-fraction increased significantly with age (/•= 0.535; p<0.01, and r= 0.610; p < 0.001, respectively), while the other GAG did not show significant age- B and apo A-l ( Table 5 ). The associations remained statistically significant even after the elimination of the effect of age on both parameters by calculation of partial correlation coefficients. In the whole material, the concentration of total GAG in extracted areas was 8.5% lower than in unextracted areas. Most of the difference was due to DS (18.1%) and CS A + C (14.6%) fractions. Since GAG-containing proteoglycans are very sensitive to proteolysis, 29 the extraction of lipoproteins was apparently accompanied by a breakdown and extraction of some proteoglycans. In this study we could not characterize GAG associated with the lipoproteins since the amounts of GAG in individual lipoprotein extracts were too low to be reliably measured. In spite of the lower contents of GAG in extracted areas, correlations between apolipoproteins and CS A + C in extracted areas were rather similar to those reported in Table  5 : CS A + C vs. apo B, r= 0.417 (p< 0.05); CS A + C vs. apo A-l, r = 0.455 (p< 0.05) (concentrations); CS A + C vs. apo B, r = 0.433 (p< 0.05); CS A + C vs. apo A-l, r = 0.523 (p<0.01) (contents). As in unextracted areas, no correlations were found with other GAG (data not shown).
Discussion
Since interactions of arterial GAG-containing proteoglycans with plasma lipoproteins may be important initial events in atherogenesis, the present study sought to quantify these components in lesion-free aortic intimas and to elucidate their associations with each other and some other constituents of the arterial wall. Macroscopically normal aortic intimas were used for the study. Because the vessels were used for biochemical analyses, lipid stains were not employed for detection of fatty lesions. Thus, we cannot exclude the possibility that some sudanophilic areas were included in the analyzed samples.
For the isolation of the intima, internal elastic lamina was used as the dissection plane. If it was not present, the first intact medial elastic lamina was followed, since this is easier to detect than the other natural dissection planes, 22 and it also takes over many of the functions of the fragmented internal elastic lamina, including its action as a diffusion barrier for plasma macromolecules between intima and media. 38 Because of the methodological difficulties in the dissection of the very thin intima of young children, the proportion of the media in the children's samples was greater than in adults (40% to 55% vs. 10%, respectively, of the tissue analyzed). This problem is present in all studies comparing different age groups and will impede the comparison if the aortic media has a high concentration of the analyzed components. However, apo B concentration in the normal aortic media is less than 1 % of the intimal values. 38 Nor could we detect any measurable levels of apo A-l in the medial layers of the three children under the age of 10 years (see Results). According to Smith and Staples, 38 the level of apo A-l in normal adult media is about 10% to 20% of the intimal values. Hence, the presence of more lipoprotein-poor media in the children's samples in comparison to the adults may have led to overcorrection (i.e., to smaller values) of the apo B and apo A-l concentrations, whereas the respective contents would not have been affected.
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Another possible source of error in studies of postmortem human material is autolysis. However, no significant changes were observed in the concentrations of buffersoluble apolipoproteins during 7 postmortem days ( Figure  1 ). This is in accordance with the result of Smith and Massie, 39 who could not find any significant destruction of intimal LDL up to 21 hours after death.
A significant increase was found with age in the content of apo B in lesion-free areas of aortas, whereas apo A-l showed only an insignificant rise (Figures 2A and 2B) . The concentration of apo B in our adult age groups was within trie range of 30 to 600 /xg/100 mg dry tissue in the aortic intima of persons less than 40 years old that was reported by Hoff. 4 Our results are in line with those of Smith et al. 28 and Hollander et al., 12 although a direct comparison of the data is not possible because the two authors expressed their results in terms of intact lipoprotein. The values for apo A-l in adults were similar to those reported by Heideman and Hoff. 27 A somewhat higher concentration for intact HDL has been reported by Hollander et al. 12 There was a substantial age-related decrease in the aortic apo A-l to apo B ratio ( Figure 2C ) which has not been reported earlier. In the study of Heideman and Hoff, 27 the mean apo A-l to apo B ratio in normal intimas was 0.24 ±0.14 (age range 19 to 47 years) which is in agreement with our findings in the adults. In the light of current views on the opposing roles of LDL and HDL in atherogenesis, the observed increase in apo B with age, together with the concomitant fall in the apo A-l to apo B ratio, may favor the deposition of lipids in the arteries. 40 The concentrations of GAG in lesion-free aortic intimas recorded in the present study are in accordance with those found by other authors in human aortas. 41 " 44 A higher proportion of DS has been reported from human coronary arteries 19 ' 45 which is probably due to the fact that aorta is an elastic artery, while coronaries are muscular arteries. 1819 The fraction of CS A + C showed a clear agerelated increase (Figure 3 ) which is probably related to their role as major GAG of the arterial extracellular matrix. 19 -41-45 The higher proportion of HS in the youngest age group probably reflects the higher proportion of media in the children's samples, since in the arteries HS is mainly associated with cell basement membranes. 46 The concentration of apo B in human arteries has a positive correlation with serum cholesterol and apo B values, 3 1 0 1 1 and the question arises whether the arterial cholesterol and apo B merely reflect corresponding changes in blood. This appears not to be the case, since during the first 15 years of life there is a slight decrease in the serum apo B level, 24 while its content in the intima increases. Also, under the age of 10 years, the ratio of apo A-l to apo B in normal aortas is only one-half of that found in serum at the same age, 24 ' 47 and contrary to findings in the intima, in serum the ratio of apo A-l to apo B shows an age-related increase rather than a decrease. 24 Obviously, factors other than just the concentration gradient are involved in the accumulation of apo B in normal arteries.
In principle, the concentration of lipoproteins in intima is determined by a balance between the rates of ingress, egress, and degradation. Studies with radiolabelled lipoproteins have revealed that considerable amounts of lipoproteins enter normal intima daily. 48 ' 49 Since the cellmediated degradation of LDL has been reported to be low in the aortic wall, 50 it is probable that the concentration of lipoproteins in normal intima is to a great extent determined by the rate of egress. 38 ' ^ ^ The factors controlling the egress of lipoproteins from the arterial wall are still unclear, but it is possible that proteoglycans and their constituent GAG may affect this process by means of molecular sieving 13 or by the formation of complexes between GAG and LDL 13 " 17 ' 51 -53 In the present study, both the concentration and the content of CS A + C had significant positive correlations with those of apo B and apo A-l. These relationships remained significant even after the elimination of the effect of age ( Table 5 ). Similar associations in human arteries have not been reported before, but in regard to apo B they are in agreement with our previous findings from the coronary arteries of children in which a positive correlation was found between the contents of intima-medial GAG and LDL-derived cholesteryl esters. 17 Recently, Hoff and Wagner 54 reported a significant positive correlation between the concentration of apo B and the percentage amount of chondroitin sulphate in lesion-free areas of aortic intima-medias of hypercholesterolemic swine.
Formation of complexes between LDL and GAG may be responsible for the significant association of apo B with CS A + C in the present study, but the reasons why apo B showed a greater incremental increase with age than CS A + C are unclear. This finding may reflect some change in the binding capacity or the structure of CS A + C with age. However, the strong relationship between apo A-l and CS A + C is not explained by the formation of complexes, since HDL is not known to bind to proteoglycans or GAG. 1352 The amount of CS A + C in the intima may simply reflect the extent of the extracellular space available for all lipoproteins after their entry into the intima. Since much more apo B was retained than apo A-l, a sizable portion of the accumulated buffer-soluble apo B (LDL) could additionally have been retained through the formation of complexes. Further studies are needed to clarify whether there is any causal relationship between intimal CS A + C and the retention of lipoproteins in the arterial wall. It is interesting to note that proteoglycan-LDL complexes can cause cholesteryl ester accumulation in macrophages in vitro, 65 " 57 and that the preferred location of intimal macrophage infiltration in young human coronary arteries and aortas, as well as in swine coronary arteries, is the GAG-rich space immediately beneath the endothelium where the first macrophage-derived foam cells are also seen. 16 ' M
